We consider the simplest anisotropic generalization, as a correction, to the standard ΛCDM model, by replacing the spatially flat Robertson-Walker metric by the Bianchi type-I metric, which brings in a new term Ωσ0a −6 (mimicking the stiff fluid) in the average expansion rate H(a) of the Universe. From Hubble and Pantheon data, relevant to the late Universe (z 2.4), we obtain the constraint Ωσ0 10 −3 , in line with the model-independent constraints. When the baryonic acoustic oscillations and cosmic microwave background (CMB) data are included, the constraint improves by 12 orders of magnitude, i.e., Ωσ0 10 −15 . We find that this constraint could alter neither the matter-radiation equality redshift nor the peak of the matter perturbations. Demanding that the expansion anisotropy has no significant effect on the standard big bang nucleosynthesis (BBN), we find the constraint Ωσ0 10 −23 . We show explicitly that the constraint from BBN renders the expansion anisotropy irrelevant to make a significant change in the CMB quadrupole temperature, whereas the constraint from the cosmological data in our model provides the temperature change up to ∼ 11 mK, though it is much beyond the CMB quadrupole temperature.
I. INTRODUCTION
The standard Lambda cold dark matter (ΛCDM) model, relying on the canonical inflationary paradigm [1] [2] [3] [4] , is established on the spatially flat Friedmann-Lemaître-RobertsonWalker (FLRW) spacetime metric, namely, on the spatially flat homogeneous, isotropic (viz., maximally symmetric space led by the Copernican principle) and flat Robertson-Walker (RW) spacetime metric for describing the Universe on large scales and general relativity (GR) for describing dynamics of the Universe. The simplest and mathematically tractable step towards a cosmological model with a more realistic background metric is to allow different expansion factors in three orthogonal directions while continuing to demand spatial homogeneity and flatness. It corresponds to replacing the spatially flat RW background metric by the Bianchi type-I background metric [5, 6] . This, in the absence of any anisotropic source in GR, leads to the generalized Friedmann equation containing average Hubble parameter along with a new term, namely, the energy density corresponding to the expansion anisotropy, ρ σ , scaling as the inverse of the square of the comoving volume. Therefore, ρ σ contributes like a stiff or Zeldovich fluid (p = ρ) [7] , and decreases faster than other known physical sources as the Universe expands [8, 9] . Moreover, there is a cosmic no-hair theorem implying that canonical inflation (driven by scalar field model of inflaton) isotropizes the Universe very efficiently [10, 11] , leaving a residual anisotropy that is negligible for any practical application in the observable Universe. Hence, any high confidence detection of anisotropy in the background expansion of the Universe would have far-reaching consequences on the ΛCDM model and/or inflationary paradigm and further on the fundamental theories of physics underly-ing them. Depending on the characteristics of the detected expansion anisotropy, it could be illuminating to the nature of inflaton, dark energy (DE) and even gravitation. For instance, altering the stiff-fluid-like behavior of the expansion anisotropy could be possible mainly by either replacing minimally coupled scalar field models of inflaton or DE by a source yielding anisotropic pressure (e.g., vector fields; see [12] for a list of anisotropic stresses and their effects on the expansion anisotropy) or replacing GR by a modified gravity that can give rise to effective source yielding anisotropic pressure (e.g., Brans-Dicke theory [13] [14] [15] ); see, for examples, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] .
There are various clues for questioning the RW background of the ΛCDM model. This has been mainly motivated by hints of anomalies in the cosmic microwave background (CMB) distribution first observed on the full sky by the WMAP experiment [34] [35] [36] [37] . These were also observed in the Planck experiment [38] [39] [40] [41] [42] , and followed by many studies, e.g., large angle anomalies [43] , with the possible clarifications in the alignment of quadrupole and octupole moments [44] [45] [46] , the large-scale asymmetry [47, 48] , the strange cold spot [36] , and the low quadrupole moment of the CMB [22, 42, 49] . So far, the local deviations from the statistically highly isotropic Gaussianity of the CMB in some directions (the so-called cold spots) could not have been excluded at high confidence levels [37, 38, 49, 50] . Similarly, it has been shown that the CMB angular power spectrum has a quadrupole power persistently lower than expected from the best-fit ΛCDM model [42, 49, [51] [52] [53] . Several explanations for this anomaly have been proposed [22-24, 27, 28, 54-60] , including the anisotropic expansion of the Universe, that could be developed well after the matter-radiation decoupling, for example, during the domination of DE, say, by means of its anisotropic pressure, acting as a late-time source of not insignificant anisotropy (see, e.g., [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [61] [62] [63] [64] [65] [66] for anisotropic DE models and [67] [68] [69] [70] for constraint studies on the anisotropic DE). On the other hand, in GR in the absence of any anisotropic source as it is the case in the standard ΛCDM, the CMB provides very tight constraints on the anisotropy at the time of recombination arXiv:1905.06949v2 [astro-ph.CO] 24 Jul 2019 [71] [72] [73] of the order of the quadrupole temperature fluctuation (∆T /T ) =2 ∼ 10 −5 . And, the stiff-fluid-like behavior of the expansion anisotropy implies an isotropization of the expansion from the recombination up to the present, leading to the typically derived upper bounds on the Ω σ0 today of the order ∼ 10 −20 . Thus, any high confidence detection of anisotropic expansion in the present day Universe larger than this expected value within ΛCDM could be taken as a hint that the late-time Universe is under the influence of some source yielding anisotropic pressure, viz., DE as a source or DE arising as an effective source from a modified gravity.
The implications of the existence of anisotropic expansion in the observable Universe, some of which we pointed out above, led many researchers to study the constraints on the possible anisotropic expansion of the Universe. For example, a direct observational constraint on the expansion anisotropy of the Universe from SN Ia data corresponding to low redshifts is obtained as Ω σ0 10 −3 [74, 75] . Because of the stiff-fluidlike redshift dependence of the expansion anisotropy, however, such large upper bounds are not acceptable within the ΛCDM model, since, in this case, the expansion anisotropy would dominate the Universe just by z ∼ 10 and spoil the standard cosmology for z 10. There are much stronger constraints such as Ω σ0 10 −22 , from Planck CMB temperature and polarization data [76] [77] [78] and from the light element abundances predicted by big bang nucleosynthesis (BBN) [79] . These are model dependent, which assume GR and nonexistence of any anisotropic source so that the stiff-fluid-like behavior of the expansion anisotropy is employed. Recently, the stiff-fluidlike contribution of the expansion anisotropy to the average Hubble parameter is considered in [80, 81] , and the constraint Ω σ0 10 −3 is obtained using H(z) and/or SN Ia data corresponding to z 2.4, which is in line with the model-dependent constraints.
In our study, we first present an explicit construction of the Bianchi type-I extension of the ΛCDM model (Sec. II). Then, to constrain the model and study the Bayesian inference, we consider the most recent Hubble and Pantheon data relevant to the late Universe (z 2.4) and then include the baryonic acoustic oscillations (BAO) and CMB data as well, both of which contain information about the Universe at z ∼ 1100 (see Sec. III). We guarantee expansion anisotropy to remain as a correction all the way to the largest redshifts involved in BAO and CMB data used in our analyses, by fixing the drag redshift as z d = 1059.6 (involved in BAO analysis) and the last scattering redshift as z * = 1089.9 (involved in CMB data) from the Planck 2015 release for the standard ΛCDM model [82] . We obtain constraints on the Bianchi type-I extension of ΛCDM in comparison with the standard ΛCDM model by considering different combinations of the datasets, and discuss the results (Sec. IV). We further discuss the results in the context of matter-radiation equality (relevant to the Universe at z ∼ 3400), BBN (relevant to the Universe as z ∼ 10 8 ), and CMB quadrupole problem (Sec. V). The main findings and conclusions of the study are summarized in Sec. VI.
II. BASIC EQUATIONS AND THE MODEL
The simplest spatially homogeneous but not necessarily isotropic universes can be constructed by the Bianchi type-I spacetime metric [5, 6] , which is the straightforward generalization of the spatially flat FLRW model to allow for different expansion factors in three orthogonal directions, and can be given in matter-comoving (four-velocity being u µ = δ µ 0 ) coordinates in the form
where {A(t), B(t), C(t)} are the directional scale factors along the principal axes {x, y, z} and are functions of the cosmic time t only. The corresponding average expansion scale factor is a(t) = (ABC) 1 3 that arises from the average Hubble parameter defined as
Here, the dot represents the time derivative, and the directional Hubble parameters are defined along the x, y and z axes, respectively, as H x =Ȧ A , H y =Ḃ B and H z =Ċ C . The most general form of the total energy-momentum tensor T µν that could be accommodated by this metric is of the form
where ρ is the energy density, and {p x , p y , p z } are the pressures along the principal axes {x, y, z}. In view of Eqs.
(1) and (2), Einstein's field equations
where R µν is the Ricci tensor, R is the Ricci scalar, g µν is the metric tensor and G is Newton's gravitational constant, yield the following set of differential equations:
This set of equations satisfies T µν ;ν = 0 (the conservation equation for the total energy-momentum tensor representing all sources in the Universe) via G µν ;ν = 0 as a consequence of the second Bianchi identity. This leads to the continuity equationρ
We intend to investigate the simplest anisotropic generalization, as a correction, to the base ΛCDM model. We replace the spatially flat RW background metric of the standard ΛCDM cosmology by the Bianchi type-I background metric while keeping the physical ingredients of the Universe as usual, summarized as follows: We consider the pressureless fluid or dust (CDM, baryons) described by the equation of state (EOS): p m /ρ m = 0, radiation (photons γ, neutrinos ν) described by the EOS: p r = ρ r /3, and DE mimicked by the cosmological constant Λ described by the EOS: p Λ = −ρ Λ . These all yield isotropic pressure (i.e., p x = p y = p z = p), reducing the continuity equation (8) toρ + 3H(ρ + p) = 0. We assume that these sources interact only gravitationally so that the continuity equation is satisfied separately by each source, and this leads to
for which a = 1 corresponds to the present time of the Universe. Here and onward, a subscript 0 attached to any quantity implies its value in the present time Universe. We consider the radiation content, ρ r = ρ γ + ρ ν , by including three neutrino species (N eff = 3.046) with minimum allowed mass m ν = 0.06 eV, theoretically well determined within the framework of the standard model of particle physics. The photon energy density today ρ γ0 is well constrained. For, it has a simple relation
CMB with the CMB monopole temperature (see [83] for further details), which today is very precisely measured: T CMB0 = 2.7255 ± 0.0006 K [84] . The density parameter of radiation is Ω r0 = 2.469 × 10
is the dimensionless Hubble constant [85] .
Next, we need to find the contribution of the expansion anisotropy to the anisotropic ΛCDM model, which could be quantified through the shear scalar
where
;µ h αβ is the shear tensor. Here h µν = g µν + u µ u ν is the so-called "projection tensor" with u µ being the four-velocity in the comoving coordinates [6] . For the Bianchi type-I spacetime metric (1), σ 2 is obtained in terms of the directional Hubble parameters as
(11) From (5) - (7), in the absence of any anisotropic source in line with aforementioned standard cosmological sources, one can obtain
where x 1 , x 2 and x 3 are integration constants. Then (11) reduces to
). The density parameter corresponding to the shear scalar can be defined as follows:
which quantifies the expansion anisotropy through its contribution to the average expansion rate H(z) of the Universe in line with the other density parameters. Finally, the Friedmann equation (4) for the anisotropic ΛCDM model can be recast as follows:
Using (9), (13) and (14), it leads to
where Ω i0 = ρ i0 /ρ c0 is the present day density parameter of the ith fluid, ρ c0 =
8πG being the present critical density of the Universe, and Ω σ0 = σ 2 0 3H 2 0 from (14) . We note that Ω σ0 + Ω r0 + Ω m0 + Ω Λ0 = 1. Further, this Friedmann equation (16) obtained within Bianchi type-I spacetime differs from that of the base ΛCDM with its two aspects: (i) Here H(z) is the average expansion rate, and that the expansion rates along the different principal axes-H x , H y and H z -need not necessarily be the same. Accordingly, we define the corresponding average redshift z through the average scale factor a
There is a new term Ω σ0 a −6 on the top of the base ΛCDM model, which quantifies the contribution of the expansion anisotropy to the average expansion rate. The shear scalar σ 2 [see (13)] contributes to the Friedmann equation like a stiff fluid ρ s ∝ a −6 described by the EOS of the form p s /ρ s = 1, when stiff or Zeldovich fluid [7] is included to the base ΛCDM model. 1 This is a generic result for general relativistic Bianchi type-I cosmologies in the absence of any kind of anisotropic source. 2
III. BAYESIAN INFERENCE
In recent years, Bayesian inference has been extensively used in parameter estimation and model comparison in cosmological studies [86] [87] [88] [89] [90] . According to Bayes' theorem, the posterior distribution P (Θ|D, M ) of the parameters Θ of a given model M is written as
where D is the cosmological data, L(D|Θ, M ) is the likelihood, π(Θ|M ) is the prior probability of the model parameters, and E(D|M ) is the Bayesian evidence, given by
For parameter estimation in cosmological models, it is common to use a multivariate Gaussian likelihood given by
1 A detailed theoretical investigation of the standard ΛCDM model augmented by stiff fluid was recently presented in [9] . One may check that these two models have mathematically exactly the same Friedmann equation, though they are physically different. However, at the background level, the observational constraints obtained in this study are valid for that model too. 2 The presence of anisotropic sources or modifications to GR leading to effective sources yielding anisotropic pressure alters the σ 2 ∝ a −6 relation; see Sec. VI for further comments.
where χ 2 (D|Θ, M ) is the chi-squared function for the dataset D. In case of uniform prior distribution π(Θ|M ) of the model parameters, Eq. (17) leads to
Thus, the posterior probability P (Θ|D, M ) or the likelihood L(D|Θ, M ) is maximum where the χ 2 (D|Θ, M ) is minimum. In order to compare a model M i with a reference model M j , the ratio of the posterior probabilities of the two models, is computed by using [91] 
where B ij is the Bayes' factor, defined as
The Bayes' factor is commonly interpreted using the Jeffrey's scale [92] , given in Table I . This table suggests that the evidence in favor of or against the model M i relative to model M j is weak or inconclusive in case | ln B ij | < 1. Further, the reference model M j is favored over the model M i when ln B ij < −1. In our analysis, we will adopt the ΛCDM model as the reference model M j . 
Very strong
A. Data and likelihoods

H(z)
We consider a compilation of 36 H(z) measurements as shown in Table II , viz., the first 31 measurements obtained from the cosmic chronometric method [93] , three correlated measurements (at z = 0.38, z = 0.51 and z = 0.61) from the BAO signal in galaxy distribution [94] , and the last two measurements (at z = 2.34 and z = 2.36) determined from the BAO signal in Ly-α forest distribution alone or crosscorrelated with quasistellar objects (QSOs) [95, 96] .
The chi-squared function for the 33 H(z) measurements, denoted by χ 2 CC+Lyα , is
where H obs (z i ) is the observed value of the Hubble parameter with the standard deviation σ 2 H obs (zi) as given in the Table II,  and H th (z i ) is the theoretical value obtained from the cosmological model under consideration.
On the other hand, the covariance matrix related to the three measurements from galaxy distribution [94] 
The chi-squared function for the three galaxy distribution measurements is
Henceforth, the combined chi-squared function for H(z) measurements, denoted by χ 2 H , is
BAO
BAO measurements are useful to study the angular-diameter distance as a redshift function and the evolution of the Hubble parameter. These measurements are represented by using angular scale and redshift separation. They are commonly written in terms of the dimensionless ratio
where r s (z d ) represents the comoving size of the sound horizon at the drag redshift, z d = 1059.6 [82] :
Here, c s =
represents the sound speed of the baryonphoton fluid, and R = 3Ω b0 4Ωr0(1+z) with Ω b0 = 0.022h −2 [102] and Ω r0 = Ω γ0 1 + 
is the angular diameter distance, and c is the speed of light. The chi-squared function of BAO measurements from the first five surveys as mentioned in Table III , denoted by χ 2 NW , reads
where d obs (z i ) is the observed value of the dimensionless ratio with the uncertainty σ d(zi) as given in the Table III and d th (z i ) is the theoretical value obtained from the cosmological model under consideration.
We shall also consider the three data points from the WiggleZ survey [109] . The inverse covariance matrix related with these data points is given by 
For the WiggleZ data, the chi-squared function, denoted by χ 2 W , is defined as χ
Thus, the chi-squared function for the total BAO contribution, denoted by χ 
CMB
From the compressed likelihood information of Planck 2015 CMB data [82] , we use the angular scale of the sound horizon at the last scattering surface, denoted by l a , defined as
where r(z * ) is the comoving distance to the last scattering surface, evaluated as
and r s (z * ) is the size of the comoving sound horizon [see (29) ] evaluated at z * = 1089.9, the redshift of last scattering [82] .
The chi-squared function of CMB, denoted by χ 2 CMB , reads
where l obs a = 301.63 is the observed value of the angular scale of the sound horizon with uncertainty σ la = 0.15 (see [82] ) and l th a is the theoretical value obtained from the cosmological model under consideration.
Pantheon supernovae type Ia
The Pantheon sample is a combination of five subsamples: PS1, SDSS, SNLS, low-z, and HST that gives the largest supernovae sample of 1048 measurements, spanning over the redshift range: 0.01 < z < 2.3 [110] . Following [110] , we use Pantheon data in line with the joint light-curve sample [111] but ignoring the stretch luminosity parameter α and the color luminosity parameter β.
The theoretical distance modulus is defined by [111] µ th = 5 log 10
where d L is the luminosity distance given by
Further,
where z hel is the heliocentric redshift and z cmb is the redshift of the CMB rest frame. The observed distance modulus [111] is given by
where m B is the observed peak magnitude in the rest frame of the B band and M is the nuisance parameter.
In the case of Pantheon data, the chi-squared function, denoted by χ 2 Pan , is given by
where C is the covariance matrix of µ obs given in [112] and m = m B − m th with
The total covariance matrix as in [110] reads
where C sys is the systematic covariance matrix and D stat is the diagonal covariance matrix of the statistical uncertainty, calculated as
The systematic covariance matrix together with m B,i , σ 2 mB,i , z cmb , z hel for the ith SN Ia are available in [110] .
B. Methodology
To obtain observational constraints on the anisotropic ΛCDM model parameters from the above-mentioned H(z), BAO, CMB and Pantheon data, we use PyMultiNest [113] code, which is a Python interface for MultiNest [114] [115] [116] , and a generic Bayesian inference tool that uses the nested sampling [117] to calculate the Bayesian evidence, and also allows for parameter inference.
We consider multivariate joint Gaussian likelihood given by
where the joint chi-squared function of all the datasets reads
In our study, we choose uniform prior distribution for all the model parameters H 0 , Ω m0 and Ω σ0 , viz., 55 ≤ H 0 ≤ 85, 0.1 ≤ Ω m0 ≤ 0.5 and 0 ≤ Ω σ0 ≤ 0.1, respectively. In the case of the data combinations with CMB and/or BAO, we have chosen the prior range 0 ≤ Ω σ0 ≤ 10 −14 . 3
IV. RESULTS AND DISCUSSION
Table IV displays the constraints on the parameters of the anisotropic ΛCDM model in comparison to the base ΛCDM model from two relatively low redshift datasets: H(z) and H(z) + Pantheon. Figure 1 shows the one-dimensional and two-dimensional (68% and 95%) confidence regions of the anisotropic ΛCDM model parameters for the two datasets. In both cases, we see that the upper bound on the anisotropy parameter Ω σ0 is of the order 10 −3 in line with the modelindependent constraints, e.g., from type Ia supernovae data [74, 75] . Also, this order is similar to the one obtained in [80, 81] . However, such an amount of expansion anisotropy in the present Universe within the anisotropic ΛCDM model implies the domination of the anisotropy in the Universe by z ∼ 10. This would lead to large deviations from the standard ΛCDM model and spoil the successful description of the Universe for z 10. Hence, we see that the upper bound on the density parameter corresponding to the present day expansion anisotropy at the level 10 −3 may not be realistic within the anisotropic ΛCDM model.
In this study, we aim to constrain the allowed amount of anisotropy from the observational data on the top of the standard ΛCDM model, so that on average the standard ΛCDM Universe is not spoiled. Notice that the new term, i.e., the expansion anisotropy, is the fastest growing term with the increasing z in H(z). Therefore, for guaranteeing expansion anisotropy to remain as a correction all the way to the largest redshifts involved in BAO and CMB data used in our analyses here, we fix the drag redshift as z d = 1059.6 (involved in 3 CMB and BAO data likelihoods, in our study, use the fixed high redshifts such as the drag redshift z d and the last-scattering redshift z * , and therefore we expect a small amount of anisotropy as a correction on the top of standard ΛCDM evolution of the Universe in our model and results (for more details see Sections I and IV). The Universe should be matter dominated at the recombination that takes place at z ∼ 1100, which is physically closely related to the last scattering surface redshift z * and drag redshift z d . Accordingly, using Ωm(z ∼ 1100) ≈ 1 and, say, Ωσ(z ∼ 1100) 10 −2 into
(1 + z) 3 , we find that the upper bound for
should be ∼ 10 −11 . Starting from this upper bound, during test runs of the code, we found that the prior range 0 ≤ Ω σ0 ≤ 10 −14 is good enough to extract the information about Ω σ0 . Table V ). This shows that the CMB and/or BAO data offer tight constraints on Ω σ0 . The reason is that H(z) and Pantheon data correspond to low redshifts and are therefore unable to put tight constraints on Ω σ0 . On the other hand, CMB and BAO data likelihoods include fixed high redshifts such as the drag redshift z d and the last scattering redshift z * and, therefore, preserve the standard ΛCDM evolution of the Universe at early times. In other words, 10 −15 is the allowed order of anisotropy on the top of standard ΛCDM evolution of the Universe in our results. In what follows, we discuss the results with the constraints obtained in Table V . Figure 2 shows the one-dimensional and two-dimensional (68% and 95%) confidence regions of the anisotropic ΛCDM model parameters for four different data combinations, each including the CMB data. From Table V and Fig. 2 , one may see that the joint dataset H(z) + BAO + Pantheon + CMB yields the most tight constraints on all the model parameters. Further, in the anisotropic ΛCDM model we notice constraints on H 0 and Ω m0 similar to the ΛCDM model. We observe that the mean values of H 0 and Ω m0 in the case of the anisotropic ΛCDM model are systematically larger than those in the case of the standard ΛCDM model, though not significantly. One may visualize the precise shift in these parameters due to anisotropy in Fig.3 , where the 68% C.L. ranges of H 0 and Ω m0 are displayed for the anisotropic ΛCDM in contrast with the ΛCDM model. In the anisotropic ΛCDM model in comparison to the ΛCDM model, the predicted mean values of H 0 and Ω m0 for different combinations of the datasets are more similar while the errors remain almost the same. Namely, the largest deviations in H 0 and Ω m0 between the different combinations of datasets are ∆H 0 = 0.50 and ∆Ω m0 = 0.0048 in the anisotropic ΛCDM, while those are approximately 2 times larger, ∆H 0 = 0.94 and ∆Ω m0 = 0.0113, in the standard ΛCDM. Figure 4 shows a summary of the Bayesian evidence of the anisotropic ΛCDM model in comparison with the ΛCDM model. We observe definite evidence in all cases of the data combinations as per the Jeffrey's scale in Table I . 
V. FURTHER DISCUSSIONS
In this section, we further discuss our results in the context of matter-radiation equality, big bang nucleosynthesis and CMB quadrupole problem.
A. Matter-radiation equality
The transition from radiation domination to matter domination is one of the most important epochs in the history of the Universe. This transition alters the growth rate of density perturbations: during the radiation era perturbations well inside the horizon are nearly frozen but once matter domination commences, perturbations on all length scales are able to grow by gravitational instability and therefore it sets the maximum of the matter power spectrum [118] . Namely, it determines the wave number, k eq,m,r , of a mode that enters the horizon, H eq,m,r a eq,m,r , at the matter-radiation transition [118] . In our model, k eq,m,r = H eq,m,r a eq,m,r can be estimated analytically by assuming H(a) given in (16) that holds all the way to matter-radiation equality. At this point, both the radiation and matter contribute equally to the total energy density. At radiation-matter equality, the wave number of a mode that enters the horizon is given by k eq,m,r = a eq,m,r H eq,m,r . In the anisotropic ΛCDM model, it turns out that k 2 eq,m,r
where Ω Λ0 = 1 − 2Ω m0 − Ω σ0 . The combined data [H(z)+BAO+Pantheon+CMB], from our observational analysis, predict the matter-radiation equality redshift as
and k eq,m,r = 0.01040 ± 0.00010
which are pretty much consistent with the recent Planck results; for instance, Planck TT+lowE gives z eq,m,r = 3411 ± 48 and k eq,m,r = 0.01041 ± 0.00014 Mpc −1 [119] , implying that the matter perturbations in the anisotropic ΛCDM model are not affected by the expansion anisotropy.
B. Big bang nucleosynthesis
BBN [120, 121] provides a probe of the dynamics of the early Universe, which in turn would give us an opportunity to further investigate the constraints on the anisotropic ΛCDM model. Such that, in the standard-BBN model-assuming that the standard model of particle physics is valid, and the expansion of the Universe is governed by GR-the processes relevant to BBN take place during the time evolution of the Universe from t ∼ 1 s to t ∼ 3 min corresponding to the temperature change from T ∼ 1 MeV to T ∼ 0.1 MeV, during the radiation-dominated era. This scenario, of course, should not be altered significantly in a viable cosmological model. The radiation-expansion anisotropy equality redshift z eq,σ,r is evaluated as
Also, z BBN ∼ 3 × 10 8 is the redshift of the physical processes relevant to BBN that takes place in standard cosmology. Therefore, it would then roughly require z eq,σ,r > z BBN in order to avoid any possible adverse effects on the BBN phenomenon due to expansion anisotropy. This inequality leads to
and given that Ω r0 ∼ 10 −4 , the upper bound of Ω σ0 yields Ω σ0 < 10 −21 , that lies within the probability region of Ω σ0 given by the constraint Ω σ0 < 10 −15 (see Table V ). On the other hand, as may be seen from the investigations in Refs. [79, 122] , the expansion anisotropy would not lead to a considerable deviation from the standard BBN for the Ω σ /Ω r ratio up to a few percent, viz.,
Considering this, the upper bound on Ω σ0 further improves to Ω σ0 10 −23 . Thus, we see that BBN offers tight constraints on the anisotropy parameter Ω σ0 in comparison to the constraint Ω σ0 < 10 −15 obtained here directly using the cosmological data. However, it may be noted that the constraint on Ω σ0 from BBN may be weaker than the one obtained from the cosmological data in the presence of anisotropic sources.
C. CMB quadrupole problem
The CMB power spectrum at l = 2 (quadrupole) corresponds to the angular scale θ = π/2 on the sky ( = π θ ). Corresponding to l = 2, the observed value of the temperature fluctuation by Planck is ∆T Planck ≈ 14 µK [52] , whereas the standard ΛCDM predicted value reads ∆T st ≈ 34 µK. Clearly, there is a considerable discrepancy between the two values. This deficit can be reduced partially by using cosmic variance, viz., ∆T st+variance ≈ 28 µK [22, 83] . Here, we look for the possible effects of the expansion anisotropy on the CMB power spectrum. Anisotropic expansion of the Universe implies a different evolution of the temperature of the free streaming photons for the different expansion factors in three orthogonal directions. This in turn would alter the CMB power spectrum at = 2, without affecting the temperature fluctuations corresponding to higher multipoles as predicted within the standard ΛCDM model.
We first set x 1 = 0 [viz., consider locally rotationally symmetric (LRS) anisotropy [6] for convenience] and thereby find x 2 = −x 3 leading to σ 2 0 = x 2 3 /3 from (13). For small anisotropies, the evolution of the photon temperature along the x and z axes can be given as [12, 123] 
where today's CMB monopole temperature is T 0 = 2.7255 ± 0.0006 K [84] . In the case of LRS anisotropy, using (13) and (14), the temperature difference along the x axis and z axis can be given as
Using the upper bound Ω σ0 ∼ 10 −15 and mean values of other parameters, we obtain ∆T Ωσ = T x − T z ∼ 10.72 mK, whereas, we need Ω σ0 ∼ 4 × 10 −20 to get ∆T Ωσ ∼ 20 µK, which could be considered for addressing the quadrupole temperature problem. For, in the latter case, provided that the orientation of the expansion anisotropy is set properly, it is possible to reduce ∆T st ≈ 34 µK in ΛCDM model to the observed value ∆T Planck ≈ 14 µK [52] . However, the strict upper bound Ω σ0 ∼ 10 −23 from BBN, yields ∆T Ωσ ∼ 1 µK. Thus, the BBN constraint on Ω σ0 prohibits significant modification in the quadrupole temperature.
VI. CONCLUSIONS
We have considered the simplest anisotropic generalization, as a correction, to the standard ΛCDM model, constructed by replacing the spatially flat RW metric by the Bianchi type-I metric while keeping all other constituents (e.g., the physical ingredients of the Universe) of the model as usual. This modifies the Friedmann equation of the standard ΛCDM model by rendering H(a) as the average expansion rate of the Universe, and including a new term Ω σ0 a −6 (which mimics stiff fluid), where a is the average expansion scale factor. We have carried out observational analysis by defining the corresponding average redshift z through the mean scale factor a as z = −1 + 1 a . Accordingly, we should note that the constraints obtained here on Ω σ0 , viz., the present day expansion anisotropy, are model dependent. The method employed here constrains the stiff-fluid-like effect of the expansion anisotropy, which arises within GR in the absence of any kind of anisotropic source, in the model under consideration. From the data [H(z) and Pantheon] relevant to the late Universe (z 2.4) only, we have obtained the constraint Ω σ0 10 −3 . This being comparable with the model-independent constraints [74, 75] shows that the method we employed is useful and informative. When the BAO and CMB data also are included in our analysis, the constraint improves by 12 orders of magnitude, i.e., Ω σ0 10 −15 . The reason for such a tight constraint is that we guaranteed expansion anisotropy to remain as a correction all the way to the largest redshifts involved in BAO and CMB data used in our analyses, by fixing the drag redshift as z d = 1059.6 (involved in BAO analysis) and the last scattering redshift as z * = 1089.9 (involved in CMB data), where the fixed values are taken from the Planck 2015 release for the standard ΛCDM model [82] . In all cases of the dataset combinations, the Bayesian evidence of the anisotropic ΛCDM model in comparison with the ΛCDM model is definite as per the Jeffrey's scale. We have found that, in comparison with the standard ΛCDM model, Ω σ0 10 −15 could alter neither the matter-radiation redshift z eq,m,r nor the peak of the matter perturbations k eq,m,r . Finally, demanding that the expansion anisotropy has no significant effect on the standard BBN, we have obtained a more tight constraint as Ω σ0 10 −23 . We have shown explicitly that this constraint from BBN renders the expansion anisotropy irrelevant to make a significant contribution to the resolution of the quadrupole moment problem, whereas the constraint from the cosmological data in our model provides the temperature change up to ∼ 11 mK, which is much larger than the required ∼ 20 µK temperature difference in the free streaming photons arriving us from the last scattering surface in the orthogonal directions in the sky. Such strong constraints, very much beyond the model-independent constraints, result from the data relevant to earlier Universe due to the quite steep redshift dependence of the shear scalar, σ 2 ∝ (1 + z) 6 . On the other hand, it is in principle possible to alter the redshift dependence of the shear scalar, particularly in the late Universe by replacing Λ by an anisotropic DE (see, e.g., [32] and references therein) or replacing GR by a modified gravity, such as Brans-Dicke theory, leading to effective anisotropic sources (see, e.g., [33] and references therein). For example, it is possible to have cosmological models in which the shear scalar yields σ 2 ∼ (1 + z) 4 as like radiation; then, in principle, it would contribute to the Friedmann equation like an extra relativistic degrees of freedom (e.g., neutrino). Accordingly, in such a setup, expansion anisotropy would play the role of the extra relativistic degrees of freedom in the ΛCDM model, and, given that the recent Planck release [119] gives ∆N eff < 0.30, we would expect to obtain Ω σ0 ∼ Ω r0 /10 10 −6 from observational analysis, which is pretty much consistent with the direct observational constraints on the present day expansion anisotropy and it could also contribute to the quadrupole moment problem. Moreover, for the cosmological models in which the shear scalar yields a redshift dependence flatter than that of the radiation, we would expect the cosmological data to constrain Ω σ0 stronger than BBN. Thus, we conclude that constraining the present day expansion anisotropy (viz. Ω σ0 ) through the new term that appears in the Friedmann equation due to expansion anisotropy, as done in this paper, provides a very informative method and could successfully be used for constraining different kinds of anisotropic cosmological models and investigating their underlying theories in the light of data from cosmological observations.
